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ABSTRACT Aberrations in the T cell repertoire with the
emergence of oligoclonal populations have been described in
patients with rheumatoid arthritis (RA). However, the extent
of the repertoire perturbations as well as the underlying
mechanisms are not known. We now have examined the
diversity of the peripheral CD4 T cell repertoire by determin-
ing the frequencies of arbitrarily selected T cell receptor
(TCR) b-chain sequences. Healthy individuals displayed a
highly diverse repertoire, with a median frequency of individ-
ual TCR b-chain sequences of 1 in 2.4 3 107 CD4 T cells. In
RA patients, the median TCR b-chain frequency was in-
creased 10-fold, indicating marked contraction of the reper-
toire (P < 0.001). The loss in TCR diversity was not limited to
CD4 memory T cells but also involved the compartment of
naive T cells, suggesting that it ref lected an abnormality in T
cell repertoire formation and not a consequence of antigen
recognition in the synovium. Also, control patients with
chronic inf lammatory disease such as hepatitis C expressed a
diverse repertoire indistinguishable from that of normals.
Telomere length studies indicated an increased replicative
history of peripheral CD4 T cells in RA patients, suggesting
an enhanced turnover within the CD4 compartment. Com-
pared with age-matched controls, terminal restriction frag-
ment sizes were 1.7 kilobases shorter (P < 0.001). These data
demonstrate an altered CD4 T cell homeostasis in RA that
may contribute to the autoimmune response as well as to the
immunodeficiency in these patients.

T lymphocytes are the dominant cell population infiltrating the
synovial membrane in rheumatoid arthritis (RA) (1). In some
patients, tissue-infiltrating lymphocytes are organized into
follicles that are similar in appearance to germinal centers (2).
The formation of lymphoid tissue-like structures strongly
supports the notion that rheumatoid synovitis is the sequela of
an antigen-driven immune response. The model of RA as an
antigen-induced inflammation also accommodates the major
histocompatibility complex class II association of RA (3, 4).
However, the synovial T cell response is highly diverse, and it
remains an issue of controversy whether RA can be explained
as an immune response toward an immunodominant arthrito-
genic antigen (5).

More recent studies have raised the possibility that the role
of T cells in RA goes beyond the recognition of antigens in the
joint. Aberrations in the global and in the synovial T cell
receptor (TCR) repertoire of RA patients have been reported
by several investigators (6–8). The most impressive difference
in the T cell repertoire of RA patients has been associated with
the emergence of clonal T cell populations. CD4 T cell clones,
which expand to a considerable size, are uniformly present in
the circulation and infiltrate into synovial lesions (9, 10). CD8
T cell clones are not limited to RA patients but are more
frequent and larger. Besides the tendency for clonal expansion,

the in vivo expanded CD4 T cell clones have additional unusual
features. They are autoreactive to ubiquitous antigen (11), lack
the expression of the CD28 molecule, and do not require
costimulatory signals to secrete lymphokines (12). Because
they are detectable in very early stages of disease and even in
unaffected siblings of RA patients, they are unlikely to rep-
resent an epiphenomenon of the chronic inflammatory process
(10). Clonal expansion of CD4 T cells is particularly evident in
patients with extra-articular manifestations of RA, raising the
possibility that they have a role in rheumatoid organ disease
(13).

We were interested in whether clonality is a restricted
phenomenon and only involves a limited number of CD4 T
cells in the repertoire or whether the tendency for T cells to
proliferate is widespread throughout the T cell compartment
of RA patients. To estimate the diversity of the CD4 T cell
repertoire, the frequency of individual TCR b-chains used by
circulating CD4 T cells was determined, and the diversity of the
TCR repertoire in healthy donors and RA patients was
compared. RA patients differed from controls in that the
majority of TCR b-chains were present at increased frequen-
cies and that infrequent TCR b-chains were the exception.
Restricted diversity of TCR b-chains was associated with an
increased number of peripheral CD4 T cells undergoing
proliferation and a loss of telomere length in the CD4 T cell
compartment. In contrast to the findings in RA, chronic T cell
responses to viral antigens in hepatitis C-infected patients did
not shift the distribution of TCR b-chains. These data suggest
that the entire TCR repertoire is altered in RA with a loss of
diversity and multiclonal growth of a high proportion of T cells.

MATERIALS AND METHODS

Study Population. Peripheral blood mononuclear cells
(PBMC) were obtained from patients with RA (n 5 26),
patients with chronic hepatitis C infection (n 5 3), and healthy
unrelated controls (n 5 24). RA patients were positive for
rheumatoid factor and had disease durations between 1 and 12
years. None of the patients had received alkylating drugs or
anti-T cell directed therapy. Hepatitis C patients had a minimal
disease duration of 5 years and were positive for viral DNA by
PCR. None of the patients had received interferon a therapy.
RA patients and controls were characterized for their HLA-
DRB1 alleles by PCR and oligonucleotide hybridization
(Biotest Diagnostics, Danville, NJ).

Cell Purification. CD41, CD41 CD45RO1, and CD45RO2

T cells were purified from PBMC on a FACSVantage (Becton
Dickinson) to obtain highly purified subsets for TCR sequenc-
ing and probe design. For limiting dilution analysis, PBMC
were incubated with anti-CD8 antibody conjugated to mag-
netic beads (Miltenyi Biotec, Auburn, CA) at 4°C for 30
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minutes and then were separated on columns in a magnetic cell
separator (VarioMACS, Miltenyi Biotec). The purity of CD8
T cells in the positively selected fraction and of CD4 T cells in
the negatively selected fraction were .95% as determined by
flow cytometry. Negatively selected CD4 T cells further were
separated into CD45RO1 and CD45RO2 cells by using an
anti-CD45RO antibody coupled to magnetobeads.

Amplification of TCR b-Chain Sequences. cDNA was am-
plified in a seminested reverse transcription–PCR with TCR
BV8 (ATTTACTTTAACAACAACGTTCCG), BV18
(GATGAGTCAGGAATG CCAAAGGAA), and BC-
specific primers (GTGGGAGATCTCTGCTTCTG). Prod-
ucts were reamplified with the appropriate BV-specific primer
and either a BJ1S4 (AGACAGAGAGCTGGGTTCCAC)- or
BJ2S5 (ACCAGGAGCCGCGTGCCT)-specific primer. TCR
BV8-BJ1S4 and BV18-BJ2S5 PCR products were cloned by
using a TA cloning kit (Invitrogen) and were sequenced. For
each BV-BJ combination, five 20-bp biotinylated probes (Bi-
otin-On Phosphoramidite, CLONTECH) spanning the N-D-N
region were synthesized. In three RA patients, but none of the
normal controls, one TCR sequence was found repeatedly in
the sample sequenced. These sequences were excluded to
avoid a skewing of the study toward clonally expanded TCR in
RA.

Liquid Phase Hybridization Assay. Digoxigenin-labeled
TCR BV-BJ PCR products were hybridized with biotinylated
TCR N-D-N-specific probes (50 ngyml) in streptavidin-coated
microtiter plates at 55°C by using a commercially available
PCR ELISA kit (Boehringer Mannheim). Hybridized probes
were detected by using a horseradish peroxidase-conjugated
anti-digoxigenin antibody and a colorimetric reaction. To
assess assay sensitivity, serial dilutions of T cell clones with
known TCR b-chain sequences were mixed with 1 3 107

polyclonal unrelated T cells. The assay system was sensitive to
detect a single T cell in a population of 1 3 107 cells (Fig. 1).

Limiting Dilution Analysis. The frequencies of individual
TCR sequences were determined by limiting dilution analysis.
CD4 T cells were divided into multiple aliquots of 1 3 105, 5 3
105, 1 3 106, 2 3 106, and 5 3 106 cells (8–10 aliquotsydilution
except the highest concentration). cDNA from serially diluted
CD4 T cells were amplified with BV- and BJ-specific primers
in a seminested PCR, and the amplified product was hybridized
with the appropriate TCR N-D-N probes. The samples from
which the sequences for the probes originally were derived
were used as positive controls. Samples from CD8 T cells from
the same patient served as negative controls. Hybridization
signals of .10% of the positive control were considered
positive. Frequencies were determined by assuming a Poisson
distribution. A representative experiment is shown in Fig. 1B.
To estimate the specificity of the assay, 15 probes were
analyzed in detail. For each probe, all wells yielding a positive
hybridization reaction were eluted, and the material was
reamplified with the appropriate primers and was sequenced
directly. A crossreactive TCR sequence was found only with
two probes, suggesting a high specificity of the assay.

Cell Cycle Analysis of Peripheral CD4 T Cells. PBMC were
stained at 4°C with fluorescein isothiocyanate-labeled mouse
anti-CD4 antibody (Becton Dickinson), were fixed with
PBSy1% paraformaldehyde, and were permeabilized in PBS
containing 0.05% Tween 20 (Sigma). Cells then were stained
with 25 mgyml 7-amino-actinomycin D (Calbiochem, San
Diego, CA). The percentage of CD4 T cells in the S-G2yM
phase was determined on a FACScan flow cytometer (Becton
Dickinson).

Telomere Length Analysis. DNA (5 mgy20 ml) from purified
CD4 T cells was digested with HinfI and RSA I (Boehringer
Mannheim) overnight at 37°C and was separated on 0.5%
agarose gels. Gels were dried at 60°C for 25 minutes, were
denatured, were prehybridized for 2 h, and then were hybrid-
ized in 203 standard saline citrate (SSC) buffer, 103 Den-
hardt’s solution, and 0.1 M dibasic sodiumphosphate with a 32P

end-labeled (CCCTAA)3-probe at 37°C overnight. After five
washings with 0.53 SSC buffer at room temperature, gels were
scanned by using a PhosphorImager (Bio-Rad).

Statistical Analysis. The distributions of TCR b-chain fre-
quencies and of telomere sizes were compared by using the
nonparametric Mann–Whitney test (SIGMA STAT, SPSS, Chi-
cago).

RESULTS

The Diversity of the TCR b-Chain Repertoire of Circulating
CD4 T Cells in Normal Individuals and RA Patients. Diversity
is one of the fundamental principles in the immune system and
is achieved by the formation of an enormously high number of
structurally different TCR molecules (14). It has, therefore,
been assumed that each TCR is present at a very low frequency
under nonstimulated conditions. To examine the diversities of
the CD4 T cell compartment, the frequencies of arbitrarily
chosen TCR b-chain sequences in CD4 T cells purified from
PBMC of seven healthy individuals were determined. Results
from experiments analyzing the BV8-BJ1S4 combination are
summarized in Fig. 2. Of 36 TCR b-chain sequences examined
in the control individuals, 44% could be detected only in the
positive control and were not present in any of the serially
diluted samples, suggesting that their frequencies were ,1 in
5 3 107 cells. Half of the receptor sequences were present at
frequencies between 1 in 106 and 1 in 5 3 107 CD4 T cells. TCR
b-chains expressed at frequencies .1 in 106 cells were the
exception, and only two such sequences were found in one of
the seven donors. In summary, the frequency analysis of
individual TCR b-chains showed that the TCR repertoire was

FIG. 1. Estimation of TCR b-chain frequencies. (A) Serial dilu-
tions of a T cell clone with known TCR b-chain sequence were mixed
with 1 3 107 unrelated T cells. The mixtures were analyzed by nested
BV- and BCyBJ-specific PCR followed by hybridization with the TCR
N-D-N-specific probe. (B) TCR b-chain frequencies were determined
in a limiting dilution system. A TCR b-chain sequence was chosen
arbitrarily from peripheral blood CD4 T cells, and a TCR N-D-N
specific probe was designed. Multiple serially diluted CD4 T cell
samples were probed for the presence or absence of the particular TCR
b-chain sequence by TCR BV-BC- and BV-BJ-specific PCR and
subsequent hybridization. The frequency of the TCR b-chain was
determined from the slope of the curve to be 1 in 8 3 105 CD4 T cells.

14448 Medical Sciences: Wagner et al. Proc. Natl. Acad. Sci. USA 95 (1998)



highly diverse. Unique TCR b-chains were found with a
median frequency of 1 in 2.1 3 107 CD4 T cells.

A different picture emerged for patients with RA. The
median frequency of 27 BV8-BJ1S4 TCR b-chain sequences
derived from six patients was significantly higher compared
with the controls (1 in 3.2 3 106, P , 0.001). Only 4% of the
TCR b-chains in the RA patients were present at frequencies
too low to be detected, indicating that most T cells were
expanded clonally. TCR b-chains expressed at frequencies of
.1 in 106 cells accounted for 25% of all sequences. The TCR
BV8-BJ1S4 combination was chosen arbitrarily for analysis. To
test whether the repertoire contraction was unique for this
combination or whether these results could be generalized, a
second TCR BV-BJ combination, BV18-BJ2S5, was examined
in five additional RA patients and in five age-matched normal
controls. The results again demonstrated a reduced diversity in
RA patients (Fig. 2). Only 1 of 22 TCR sequences in the RA
patients was infrequent (,1 in 5 3 107) compared with 8 of 22
sequences in normal controls. The median frequency (1 in 1 3
106) in the RA patients was again significantly different from
the median frequency of 1 in 2.5 3 107 in the controls (P ,
0.001). Taking together TCR sequences from both BV-BJ
combinations, a total number of 58 and 49 TCR b-chains in
controls and patients, respectively, were analyzed. The median
frequency was increased 10-fold in RA patients (1 in 2.5 3 106

compared with 1 in 2.4 3 107 CD4 T cells; P , 0.001).
The Repertoire of CD4 TCR Sequences Is Stable Over Time.

Clonal expansion of T cells is a consequence of antigen-specific
stimulation. To explore whether high frequencies of particular
TCR sequences are a transient phenomenon reflecting acute
immune responses, the stability of TCR b-chain frequencies
was investigated in blood samples collected 2 years apart.
Results for nine TCR b-chains derived from two individuals,
a normal donor (GH) and a RA patient (PN), are given in
Table 1. Three of the nine sequences were too infrequent at

both timepoints to be detectable in any of the serially diluted
T cell samples. For the remaining TCR b-chains, the frequen-
cies at the two timepoints were very similar. Thus, TCR
b-chains are characterized by a stable representation within
the CD4 repertoire over a timespan of at least 2 years.

Chronic Antigenic Stimulation and the Diversity of the TCR
Repertoire. A likely explanation for the increased frequencies
of TCR b-chains in RA patients is clonal proliferation of CD4
T cells leading to a significant loss in diversity. To explore
whether chronic stimulation with antigen can induce the global
changes in the composition of the TCR b-chain repertoire seen
in the RA patients, the repertoire in three patients with
chronic hepatitis C infection was analyzed. The frequency
distribution in the hepatitis C-infected donors was indistin-
guishable from that found in healthy individuals and different
from RA patients, demonstrating that a chronic T cell re-
sponse to viral antigens does not induce a multiclonal expan-
sion resulting in a loss of diversity (Fig. 3). The median
frequency was 1 in 1.9 3 107 in the hepatitis patients, compared
with 1 in 2.1 3 107 in the controls. Of the TCR b-chain
sequences isolated from hepatitis C-infected hosts, 50% were
too infrequent to be detectable, compared with 42% in
controls and 4% in RA patients.

Contraction of the TCR Repertoire in RA Involves Naive as
well as Memory CD4 T Cells. Clonal expansion of peripheral
CD4 T cells in RA patients theoretically could result from a
spillover of T cell activation in the synovium. If that were the
case, repertoire contraction would be limited to memory CD4
T cells. To address this question, CD45RO1 memory and
CD45RO2 naive CD4 T cells were examined separately in

FIG. 2. Restricted TCR b-chain diversity in RA. (A) The frequen-
cies of 36 arbitrarily chosen TCR BV8-BJ1S4 sequences from seven
controls and 27 sequences from six RA patients were determined by
limiting dilution analysis as shown in Fig. 1. Results are shown as box
plots displaying medians and 25th and 75th percentiles. (B) TCR
BV18-BJ2S5 sequences were analyzed from an additional five RA
patients and five age-matched controls. Again, results are shown as box
plots.

Table 1. Stability of TCR b-chain frequencies over time

Frequency

Probe Sample I* Sample II

GH1 n.d. n.d.
GH2 1 in 1.2 3 107 1 in 1.6 3 107

GH3 1 in 1 3 106 1 in 3.3 3 106

GH4 1 in 5 3 106 1 in 6.6 3 106

GH5 n.d. n.d.
PN1 1 in 1 3 107 1 in 2.6 3 106

PN2 1 in 1 3 107 1 in 6.8 3 106

PN3 n.d. n.d.
PN5 1 in 6 3 104 1 in 6 3 104

n.d., Not detectable.
*Sample I was collected 2 years before sample II.

FIG. 3. The influence of chronic stimulation with viral antigen on
the diversity of the CD4 TCR repertoire. Frequencies of 17 BV8-
BJ1S4 TCR b-chains from three patients with chronic hepatitis C
infection were determined by limiting dilution analysis. Distributions
of TCR b-chain frequencies in CD4 T cells are shown in comparison
to normal donors and RA patients. The chronic antiviral response did
not alter the diversity of the CD4 T cell repertoire.
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three additional RA patients and three age-matched controls.
The size of the CD41 CD45RO1 T cell subset was not
increased in the patients, as compared with the naive T cell
subset (data not shown). As shown in Fig. 4, TCR sequences
isolated from naive T cells of the control individuals were
highly infrequent. More than 60% of the naive TCR b-chains
were below the threshold of the assay system that detected
sequences expressed at .1 in 5 3 107 T cells. In contrast, only
25% of the naive TCR b-chains from RA patients fell into the
category of low frequency. Of the naive T cells in RA patients,
75% were represented in increased frequencies (P 5 0.008).

Compared with CD45RO2 naive T cells, TCR b-chains
derived from the CD45RO1 population were enriched by a
factor of 10 in both patients and controls. However, the
frequencies of individual memory TCR sequences were still
significantly higher in the patients, as compared with the
controls (P 5 0.04). These results indicated that perturbations
in the T cell repertoire of RA patients were not limited to
antigen-exposed memory T cells and suggested increased
proliferation of naive T cells.

Proliferative Activity Among Peripheral CD4 T Cells. To
analyze whether RA is associated with an increased turnover
of peripheral CD4 T cells, the fraction of CD4 T cells in the
S-G2yM phase of freshly drawn blood from 10 patients and 10
normal controls was determined by flow cytometric analysis.
Results are shown in Fig. 5. In the normal individuals, a mean
of 0.6% of all circulating CD4 T cells were in the S-G2yM
phase. This number was increased significantly to 1.2% in the
RA patients (P 5 0.01). These data are consistent with the
interpretation that the CD4 T cell compartment in RA pa-
tients is characterized by increased turnover.

Telomere Length of CD4 T Cells in RA Patients. The
reduction in diversity in the repertoire of RA patients sug-
gested that a large proportion of peripheral CD4 T cells was
involved in clonal expansion. To further support this hypoth-
esis, the replicative history of CD4 cells was assessed by
determining the telomere length. Because of the known age
dependence of telomere length in naive as well as memory T
cells, only individuals younger than 45 years were included
(15). The results of the telomere length analysis of six RA
patients and six age-matched controls are summarized in Fig.
6. The controls showed a Gaussian distribution of terminal
restriction fragment sizes with a median length of 8.9 kilobases,
which was significantly longer than the median length of 7.2
kilobases in the patients (P , 0.001). In addition, the Gaussian
distribution was skewed toward shorter fragment sizes in RA
patients, consistent with an extensive replicative history of a
large fraction of peripheral CD4 T cells.

DISCUSSION
Studies of T cells in patients with RA have so far focused on
their potential role in recognizing arthritogenic antigens in

FIG. 4. Repertoire contraction in RA includes memory as well as
naive CD4 T cells. TCR BV8-BJ1S4 sequences were obtained from
purified CD41 CD45RO1 memory (n 5 22) and CD41 CD45RO2

naive T cells (n 5 36) from three RA patients and three controls, and
the frequencies in the respective T cell subsets were determined.
Compared with controls, TCR b-chain frequencies in RA patients
were increased for the memory (P 5 0.04) as well as the naive (P 5
0.008) T cell subset.

FIG. 5. Proliferative activity in CD4 T cells. Peripheral T cells were
isolated freshly from normal controls and RA patients, and the
percentages of CD4 T cells in the S-G2yM phase were determined.
Results are shown as box plots. Median, 25th, and 75th percentiles
(box), and 10th and 90th percentiles (whiskers) are displayed. The
fraction of CD4 T cells in the cell cycle was increased significantly in
RA patients (P 5 0.01).

FIG. 6. Telomeric shortening of CD4 T cells from RA patients. (A)
A representative telomeric restriction blot from peripheral blood CD4
T cells of two RA patients (lanes 2 and 3, ages 42 and 43 years) and
two controls (lanes 1 and 4, both age 40 years) is shown. (B) Summary
of PhosphorImage analysis of terminal restriction fragment sizes from
CD4 T cells of six RA patients and six age-matched normal controls
ranging in age from 29 to 43 years.
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synovial lesions (16, 17). Aberrations in the peripheral T cell
compartment have been described but have been interpreted
as a consequence of ongoing synovial inflammation. Fluores-
cence-activated cell sorter studies have documented increased
frequencies of peripheral T cells expressing activation markers
or lacking CD28 and CD7 (11, 13). The analysis of the
repertoire of peripheral CD4 and CD8 T cells has provided
evidence of frequent oligoclonality (10, 18–20). By virtue of
the applied technologies, these studies could only identify
expanded clonotypes of a considerable size and expressed at
frequencies larger than 1 in 1,000. The current study was
designed to explore whether these clonal expansions are
isolated events or whether the tendency to form clonal T cell
populations is not limited to a small subset of T cells. The
experimental design for the estimation of TCR frequencies
used in this study was '1,000-fold more sensitive than previous
techniques and therefore allowed for a better assessment of
global T cell diversity (21). Our data suggest that RA is
associated with a generalized defect in maintaining diversity of
the TCR repertoire, resulting in clonal expansion of most
peripheral T cells and marked repertoire contraction. Of
importance, these aberrations equally involved memory as well
as naive T cells, suggesting that they reflect intrinsic abnor-
malities of T cell homeostasis and not a consequence of
antigen recognition in the synovium.

Theoretically, the mechanisms underlying TCR formation
allow the generation of a repertoire of enormous diversity (14).
It is estimated that the human body has 5 3 1011 T lympho-
cytes, the diversity of which is unknown. Our data demonstrate
that the CD4 TCR b-chain repertoire in a normal individual
is extremely large. In contrast, TCR b-chain sequences ana-
lyzed in RA patients were found at increased frequencies.
Highly frequent TCR b-chain sequences were structurally
diverse, were unique for each individual, and were not de-
tected in unrelated individuals. This finding suggests that high
frequency clonotypes do not represent a distinct subset of T
cells characterized by the usage of less diverse TCR molecules
as described by Dellabona et al. (22).

Different mechanisms could create the reduced TCR
b-chain diversity in the RA patients. Identical TCR b-chains
could be generated in independent rearrangements. This
model would imply that mechanisms involved in generating
TCR b-chain diversity would be disturbed in RA. It is also
possible that the same TCR b-chain combines with a spectrum
of different a-chains because thymocytes undergo prolifera-
tion between b-chain and a-chain rearrangement (23, 24). A
defect in thymic selection would explain that the repertoire
contraction already is seen for CD45RO2 naive and not only
for memory cells. The shortened telomere length in CD4 T
cells from RA patients, however, suggests that the increased
TCR b-chain frequencies do not result from thymic selection
but from peripheral clonal proliferation of T cells. Assuming
that each TCR b-chain sequence represents a single TCR a-b
pair and taking into account the differences in clonal size, it
can be estimated how many T cells have undergone expansion.
From the data shown in Fig. 2, it can be concluded that 23%
of all CD4 T cell specificities have replicated in normal donors
whereas that fraction is increased to 77% in RA patients. This
estimate suggests that the majority of CD4 T cells in RA
patients contribute to proliferation and diversity loss. The
realization that repertoire aberrations in RA are not limited to
a small subset of memory T cells but rather involve a large
fraction of the global T cell compartment is important in
considering mechanisms underlying RA pathology.

It is now recognized that the size of the T cell compartment is
controlled strictly at the level of total T cell number (25–27).
Therefore, loss in diversity could result from insufficient influx of
novel T cells. To maintain the size of the compartment, peripheral
T cells would replicate to compensate for the lack of new
production (28). There is evidence that de novo T cell generation

is deficient in RA. T cell depletion with antibodies has been
explored as a therapeutic modality in RA patients. One of the
most intriguing observations from these treatment trials was the
finding that patients developed long-standing CD4 T cell lym-
phopenia (29–31). Studies of the post-treatment repertoire have
demonstrated extreme restriction in diversity with the emergence
of oligoclonal T cell populations (32). RA may, therefore, be
associated with a defect in T cell repopulation, and the aberra-
tions described here may be sequel of this underlying dysfunction.

The initial abnormality also could stem from chronic anti-
genic stimulation in the synovium that either directly or
indirectly influences T cell repertoire diversity. The experi-
ments in patients with chronic active hepatitis C, however,
documented that antiviral responses ongoing over .5 years did
not bias the TCR repertoire to the extent that diversity was
reduced. It is likely that hepatitis C-infected patients have
expanded T cell clones to respond to viral antigens, but the
spectrum of these T cells is obviously too small to alter the
global TCR repertoire. Apparently, antigen-specific prolifer-
ation only then could explain the repertoire shifts if a large
spectrum of antigens were involved. Chronic antigenic stim-
ulation also would not explain the repertoire contraction in
CD45RO2 T cells. Based on previous studies in rats (33), it
cannot be excluded completely that memory T cells lose
CD45RO expression in the absence of antigenic stimulation
and revert to the naive phenotype. However, this is unlikely to
occur in a chronic inflammatory disease such as RA. Also, we
have examined whether TCR b-chain sequences derived from
cells with a naive phenotype frequently were represented
within the CD45RO1 T cell compartment, which was not the
case. Taken together, our data argue against the interpretation
that the multiclonal T cell proliferation and the associated
repertoire contraction in RA reflects the T cell response in the
synovium.

Finally, our findings also could be explained by an increased
peripheral T cell replication with competitive exclusion of
nonproliferating clonotypes (34). The end result would again
be a CD4 T cell repertoire with compromised diversity.
Increased proliferative activity throughout the CD4 T cell
repertoire could be maintained by growth-promoting cyto-
kines. Production of interleukin 15, which has general T cell
growth promoting activities, has been demonstrated in the
synovial tissue of RA patients (35, 36). Interferon b has been
implicated in driving the expansion of a wide spectrum of CD8
T cells during viral infection regardless of their antigen spec-
ificity (37). However, this mechanism exclusively targeted
memory T cells and did not include naive T cells. Also, an
increased turnover mediated by cytokines would not explain
easily the skewing of the repertoire with the oligoclonal
expansion of some and the competitive exclusion of other T
cells. Besides cytokines, the recognition of self–major histo-
compatibility complex has been found to be pivotal for T cell
homeostasis (38). Naive T cells have been estimated to have a
very low self-replication rate compared to memory T cells (39),
but their survival strictly depends on the continuous interac-
tion with self–major histocompatibility complex (38). Individ-
uals developing RA may have a heightened ability to prolif-
erate to self-determinants, compatible with the model that
they have a global defect in tolerance. Although the antigen
specificities of TCR b-chain sequences described here are
unknown, CD4 T cell clones derived from peripheral blood of
RA patients that had expanded in vivo to a large clonal size
have recently been isolated and characterized (11). These T
cell clones proliferated when stimulated with autologous ad-
herent cells, suggesting they recognize a ubiquitously distrib-
uted autoantigen in RA patients (11). A recent study by
Kouskoff et al. has provided evidence for similar mechanisms
in an animal model of RA (40). These investigators have
described that a TCR transgenic mouse expressing a TCR
recognizing self–major histocompatibility complex molecules
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develops arthritis resembling RA but no other autoimmune
manifestations.

Regardless of the precise mechanism for the loss of T cell
diversity, these aberrations have important implications for the
disease process and the way it is treated and studied. The fact
that large proportions of the TCR repertoire are altered
cannot remain without consequences for immunoresponsive-
ness. It is possible that the repertoire contraction will generate
holes in the repertoire and therefore will lead to defective
immune responses to selected antigens. The design of thera-
peutic approaches should consider that the RA repertoire
already has lost diversity. So far, it has been assumed that it
would be beneficial to deplete T cells. If these patients have
difficulties repopulating the T cell compartment and have to
generate new T cells through self-replication, T cell-directed
therapies will compromise further their ability to maintain
diversity. It is, therefore, not surprising that treatment trials
using T cell depletion were not successful and had substantial
side effects (31, 41). Very different therapeutic approaches
will have to be taken to correct repertoire aberrations in an
attempt to control the disease process and its complications.
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